Supramolecular cations formed by monoprotonated pyridazinium cations and cis-anti-cisdicyclohexano[18]-crown-6 (DCH[18]-crown-6) or dibenzo[18]-crown-6 (DB[18]-crown-6) were introduced into [Ni(dmit) 2 ]salts (where dmit 2-= 2-thione-1,3-dithiole-4,5-dithiolate). X-ray crystal structure analysis of (pyridazinium + )(DCH[18]-crown-6)[Ni(dmit) 2 ] -(1) revealed a chair-type 10 conformation of the DCH[18]-crown-6 moiety. A V-shaped conformation of the DB[18]-crown-6 moiety was observed in (pyridazinium + )(DB[18]-crown-6) 2 [Ni(dmit) 2 ] -(H 2 O) 2 (2). Nitrogen atoms in the pyridazinium cations interacted with the oxygen atoms of the DCH[18]-crown-6 and DB[18]-crown-6 through N-H +~O hydrogen bonds, forming 1:1 and 1:2 supramolecular structures, respectively. Sufficient space for molecular motions of the pyridazinium cations, namely flip-flop and in-plane rotations, exists in 15 salt 1. Disorder in nitrogen atoms was observed by X-ray analysis, indicating dynamic motion of the pyridazinium cation, namely flip-flop motion and in-plane motion. A potential energy calculation further supported the possibility of dynamic motion of cations in the crystal. By contrast, the flip-flop motion of the pyridazinium group in salt 2 is restricted by the two nearest-neighbouring DB[18]-crown-6 molecules. Weak antiferromagnetic intermolecular interactions between the [Ni(dmit) 2 ]anions in the two-20
Introduction
Development of artificial molecular rotators has attracted 25 attention in recent years. 1 Living organisms have high efficient energy conversion systems that use molecular rotation. For example, the transport of protons through mitochondrial membranes causes the rotation of ATPase; that is, a 360° rotation of ATPase is achieved by the passage of three protons, resulting 30 in the production of one ATP from ADP. 2 Biological systems are excellent models of highly efficient energy conversion systems. However, it is difficult to develop artificial systems from living organisms because of the complexity of protein structures and chemical instabilities in the biological system. Besides the energy 35 conversion, the development of artificial molecular systems that exhibit molecular rotation, even unidirectional molecular rotation, has been extensively studied in recent years. 3, 4 For example, Hiraoka et al. reported a sandwich-type trinuclear silver(I) complex formed by coordination bonds between silver ions and 40 sulfur and/or nitrogen atoms in planar ligands. The complex can act like a molecular bearing in the solution because of the difference in coordination ability between the silver ion and the heteroatoms. 5 Muraoka et al. designed a molecular pincer based on a ferrocene moiety with an azobenzene strap, each end of 45 which is attached to one of the two cyclopentadienyl rings of the ferrocene unit. The ferrocene moiety acted as a pivot, and cistrans photoisomerization of the strap caused the rotation of the cyclopentadienyl rings by changing the relative position of two "pedal" moieties attached to the ferrocene rings. 6 Unidirectional 50 rotary motion was realized by using a triptycene derivative with a [4] helicene moiety. The unidirectional rotation of the molecule in solution was achieved through two-step photochemical reactions, each of which was followed by thermal rearrangement of the molecule. 7 Catenanes also are good candidates for achieving 55 unidirectional rotation. Leigh et al. showed unidirectional molecular rotation in a [3] catenane driven by light, heat or chemical stimuli. 4 A number of molecular rotators in solution have been reported. However, there have been few reports of molecular machines in the solid state. The development of 60 molecular gyroscope systems was a pioneering work in the field of solid-state molecular machines. Molecular gyroscopes or compass systems based on bis(triarylmethyl) frame or triptycene moieties in the solid state have been reported. 8 We have reported molecular rotators based on supramolecules 65 formed by crown ether and anilinium derivatives through hydrogen bonding, which showed a random rotation within the crystal through thermal fluctuation. [9] [10] [11] [12] For example, a supramolecular cation (anilinium + )([18]-crown-6) within the crystal of (anilinium + )([18]-crown-6)[Ni(dmit) 2 ]showed a flipflop molecular motion of the phenyl ring around a two-fold axis along the C-N bond at 3 MHz at room temperature. 10 Molecular rotation of [18] -crown-6 was also observed in the same crystal. A supramolecular cation of (m-fluoroanilinium + )(DB [18] -crown-6) 5 (DB [18] -crown-6 = dibenzo [18] -crown-6) in the crystal of (mfluoroanilinium + )(DB [18] -crown-6)[Ni(dmit) 2 ]showed flip-flop molecular motion, causing an inversion of the dipole moment due to the fluorine atom at the meta position. As a result, the crystal exhibited an order-disorder type of ferroelectric transition at 348 10 K. 11 For molecular rotation within a crystal, it is essential to provide enough space for molecular rotators to reduce their rotational potential; utilization of smaller rotators is one of the preferable designs. Supramolecular cations based on anilinium derivatives 15 have a substituent on the aromatic rings that introduces a dipole moment. However, the substituents often cause a large energy barrier for their rotations because of steric hindrance. In this study, we adopted a monoprotonated pyridazinium cation whose dipole moment is parallel to the ring surface, which originates 20 from the two nitrogen atoms in the ring. The small size and the absence of substituents are expected to be advantageous for reducing the energy barriers to rotation, and to provide larger degrees of freedom for molecular motions within the crystal (Scheme 1). Moreover, pyridazinium cations are expected to 25 exhibit not only the flip-flop motion, but also in-plane molecular rotation and proton transfer. It is known that protonated cations of six-membered heteroaromatic rings can form supramolecular structures with crown ethers. 13 By complexing monoprotonated pyridazinium cations with [18] -crown-6, the N-H + part will 30 interact with the oxygen atoms in [18] -crown-6 through hydrogen bonding, forming a supramolecular rotator structure. The pyridazinium cation may exhibit flip-flop motion across the rotational axis along the hydrogen bond. In addition, in-phase molecular rotation should be possible, given that the energy of 35 hydrogen bonds is comparable to the thermal energy. In both cases, a large polarization change is expected because of the change in direction of the dipole moment in the crystal. Moreover, intra-and intermolecular proton transfer may cause the inversion of the dipole-moment direction in the crystal. 40 45 Scheme 1 Components of the salts. 50 In this paper, [Ni(dmit) 2 ]salts with supramolecular cations based on pyridazinium, (pyridazinium + )(DCH (2) , 55 were used. The molecular rotations are discussed in terms of Xray crystallographic analyses and rotational energy potential calculations.
Experimental
Materials. 60 The dicyclohexano [18] -crown-6 was purchased from Wako Pure Chemical Industries, Ltd. as a 1:1 mixture of cis-syn-cis and cisanti-cis isomers, which was directly used without further purification. (pyridazinium + )(BF 4 -) was prepared using a similar procedure to that described in the literature. 9-12 65 General.
Elemental analyses and IR (400-7800 cm -1 ) spectra were measured using a YANACO CHN CORDER MT-6a and a Thermo Scientific Nicolet 6700 FT-IR, respectively. An acetone solution (20 ml) of (n-Bu 4 N + )[Ni(dmit) 2 ] -(20 mg, 0.028 mmol) 14 was added to an acetone solution (20 ml) of (pyridazinium + )(BF 4 -) ( Crystal structure determination. 85 Crystallographic data of the single crystals 1 and 2 were collected using a Rigaku R-AXIS RAPID diffractometer with MoK radiation ( = 0.71075 Å) from a graphite monochromator at 93 and 300 K. The structures were solved by the direct method (SIR 2004) and expanded using Fourier techniques and refined on F 2 90 by the full-matrix least-squares method (SHELXL97) compiled into Yadokari-XG. 15 The parameters were refined using anisotropic temperature factors, except for the hydrogen atoms, which were refined using the riding model with a fixed C-H bond distance of 0.95 Å. The crystallographic data of salts 1 and 2 at 95 93 are summarized in Table 1 . The data for 300 K appear to be given in Table S1 . The position of one nitrogen atom in the pyridazinium cations of each salt was determined from the distances between the nitrogen and oxygen atoms in the crown ethers. The position of a second nitrogen atom in the 100 pyridazinium cation could not be determined because of the similar electron densities of carbon and nitrogen atoms. The nitrogen atoms without hydrogen bonds were solved as carbon atoms. The hydrogen atoms in the pyridazinium cations were not calculated because of the disorder of the cations. 
Preparation of (pyridazinium + )(DCH[18]-crown-
where P = (Fo 2 -2Fc 2 )/3. Magnetic susceptibility. 5 Temperature-dependent magnetic susceptibilities of salts 1 and 2 were measured using a Quantum Design MPMS-XL SQUID magnetometer for the polycrystalline samples. The DC magnetic susceptibility was measured at temperatures from 2 to 300 K in an applied field of 1 T. 10 
Calculations.
The relative energy of the structures was calculated by a semiempirical method using the RHF/6-31(d) basis set. 16 The nearest-neighboring molecules around the N-H bonds of pyridazinium were included in the calculation of the potential 15 energy curve. The structural units of the salts used in the calculations were (pyridazinium + )(DCH[18]-crown-6) 2 and (pyridazinium + )(DB[18]-crown-6) 2 , respectively, which are different from the real stoichiometry of the salts ( Figure S1 ). The atomic coordinates of the salts based on the X-ray crystal 20 structural analyses were used in the calculations. The relative energies of the structures were obtained by evaluating the rigid rotation around the C(4)-N(1) axes for the flip-flop motion. Rotations were performed in 30° steps, and the relative energies were calculated using fixed atomic coordinates. The relative 25 energies for in-plane rotations of the cations in salts 1 and 2 were calculated using the same structural units as those used in the flip-flop motion calculations. Rotations were performed in 10° steps, and the relative energies were calculated using fixed atomic coordinates. 30 The overlap integrals (s) between the lowest unoccupied molecular orbitals (LUMOs) of the [Ni(dmit) 2 ]anions were calculated by a tight-binding approximation using an extended Hückel method. Semiempirical parameters for the Slater-type atomic orbitals were obtained from the literature. 17 Transfer 35 integrals (t) were obtained by the equation t = -10s.
Results and discussion
Crystal Structure of (pyridazinium + )(DCH[18]-crown-6)[Ni(dmit) 2 ] -(1).
The crystal structure of salt 1 at 93 K is shown in Figure 1 . In salt 40 1, one DCH[18]-crown-6, one pyridazinium cation, and one [Ni(dmit) 2 ]molecule form the asymmetric unit. The cationic and anionic layers alternate along the b+c axis (Figure 1(b) ). The crown ether and pyridazinium are alternately stacked along the a axis, forming one-dimensional columns (Figure 1(c) ). Although 45 the anisotropic thermal factors of the atoms in the pyridazinium cation were larger at 300 K than at 93 K, no significant change was observed between the crystal structures at 93 and 300 K (see Supporting Information). Figure 2 (a) depicts the supramolecular structure of the pyridazinium cation and DCH [18] -crown-6. The 50 DCH[18]-crown-6 had cis-anti-cis configuration. The positions of the nitrogen atoms in the pyridazinium cation were determined from the distance between the nitrogen atom and the six oxygen atoms in DCH [18] -crown-6. The distance N(1)-O(1) was 2.892 Å, which was the shortest of the nitrogen-oxygen interatomic 55 distances (2.892-4.640 Å). The hydrogen bond should form at this position, N(1)-H +~O (1). The positions of neighboring nitrogen atoms in the pyridazinium cation cannot be determined because of the similar electron densities of nitrogen and carbon atoms. In this crystal structure analysis, another nitrogen atom in 60 the pyridazinium cation were solved as carbon atoms. The shortest distances between the oxygen atoms of DCH[18]-crown-6 and the carbon atoms next to nitrogen atoms were 3.050 (C(1)-O(3)) and 3.554 (C(5)-O(1)) Å. The bond angles C(1)-H···O(3) and C(5)-H···O(1) were 130.87 and 93.44° respectively, obtained 65 by the calculations for the addition of hydrogen atoms to the pyridazinium cation. Judging from the distances and the bond angles, a hydrogen bond at C(1)-O(3) may be formed, which can be categorized as either a "moderate" or a "weak" hydrogen bond by Jeffrey's classification. 18 The energies of the hydrogen bonds 70 should be less than about 20 kJ mol -1 , slightly larger than the thermal energy. Thus, it is highly possible that the neighboring nitrogen atom was positioned randomly at the C(1) or the C (5) indicating that proton transfers in this solid were difficult. The [Ni(dmit) 2 ]assembly in crystal 1 is shown in Figure 3 . The 40 [Ni(dmit) 2 ]molecule interacted via lateral sulfur-sulfur contacts along the a axis, forming a one-dimensional chain. The distances between the sulfur atoms, d 1 -d 4 , were 3.733, 3.971, 3.846, and 4.007 Å, respectively, which are slightly longer than the van der Waals radii of the sulfur atoms (<3.70 Å). The transfer integrals 45 between the LUMOs of the [Ni(dmit) 2 ]molecules were t 1 = 14.52 and t 2 = -5.79 meV within the chain, indicating the formation of weak dimers along the a axis via side-by-side interactions. The one-dimensional chains interacted with each other through sulfur-sulfur contacts along the b axis. The shortest 50 distance between the sulfur atoms along the b axis was 4.183 Å. The interaction t 3 (1.48 meV) along the b axis was about 10 times smaller than t 1 along the a axis. Quasi-one-dimensional chains were formed in the anionic [Ni(dmit) 2 ]layers. (CH 3 OH)(CH 3 CN). 9 One pyridazinium molecule was sandwiched by two DB[18]-crown-6 molecules. The shortest distance between the N(1) atom and oxygen atoms on DB[18]-crown-6 was 2.789 Å at N(1)-O(1), forming hydrogen bonds. As in the case of crystal 1, the position of other nitrogen atoms in the 85 pyridazinium cation could not be determined and the neighboring atoms of N(1) in the pyridazinium cation were solved as carbon atoms. Although the shortest distances were at C(1)-O(6) (3.217 Å) and C(5)-O(5) (3.034 Å), indicating weak hydrogen-bond formation at these positions, the nitrogen atom next to N(1) was 90 expected to be disordered at the C(1) and C(5) positions in Figure  5 . The distances between C(3) and the oxygen atoms O(7)-O(12) of DB [18] -crown-6 were in the range of 3.261-3.722 Å, suggesting weak hydrogen-bond formation at these positions. 18 Static disorder of the pyridazinium cation was observed in the 95 solid. The larger steric hindrance around the pyridazinium cation in salt 2, compared with that of salt 1, caused by the phenyl rings of DB [18] -crown-6, would have restricted the flip-flop molecular motion in the solid state. The [Ni(dmit) 2 ]arrangement is shown in Figure 6 . [Ni(dmit) 2 ]formed one-dimensional chains parallel to the a axis. The chains 5 exist in the void of the supramolecular cations in salt 2. Intermolecular interactions between [Ni(dmit) 2 ]molecules through the S···S contacts shorter than the sum of the van der Waals radii (<3.70 Å) were observed at S(8)-S(1 # ), S(6)-S(6 # ), and S(5)-S(7 ## ), at 3.515, 3.635, and 3.571 Å, respectively. The 10 symmetry operations, # and ##, were (-x, -y, 1-z) and (1+x, y, z). Figure 6 (b) exhibits a stacking motif of the [Ni(dmit) 2 ]molecules in crystal 2. Two chains that formed along the c axis interacted with each other through side-by-side S···S interactions. The transfer integrals between the LUMOs of the [Ni(dmit) 2 ] - 15 molecules, t 1 and t 2 , were calculated by the extended Hückel method. The interaction t 2 (78.9 meV) was about seven times larger than the interaction t 1 (-11.7 meV), showing the quasi-onedimensional nature of the chains along the c axis direction. To evaluate the molecular motions of the supramolecular cations in crystals 1 and 2, the potential energy barriers for the molecular 60 rotations of the pyridazinium cations were calculated by a restricted Hartree-Fock (RHF) method. Figure S3 shows model structures of the supramolecular cations in salts 1 and 2 for the calculation. These structures differed from the real stoichiometry of the salts. The atomic coordinates based on the X-ray crystal 65 structure analyses of the salts at 93 K were used in the calculation. Hydrogen atoms on the pyridazinium cations were placed at the N(1) and C(1)-C(4) positions. The nearest neighbors of N(1) were C(1) and C(5). X-ray crystallographic analysis suggested orientational disorder of the nitrogen atom. In these calculations, 70 protons were not placed at C(5) next to N(1). The rotations were performed in 30° steps around the N(1)-C(3) axis. The relative energies were calculated using fixed atomic coordinates. Thus, the results of the calculations overestimated the actual energy barriers. Figure 7(a) shows the potential energy curves for 75 crystals 1 and 2. Double-minimum potential curves for the flipflop motions of pyridazinium cations were obtained. For 1, the local maximum values were observed to be 210 and 310 kJ mol -1 at 90 and 270°, respectively. The potential curve is asymmetric because of the asymmetric configurations of DCH [18] -crown-6 80 molecules in the vertical direction of the rotation axis. The energy barriers were larger than the thermal energy at room temperature (2.5 kJ mol -1 ) because the thermal fluctuations and relaxation of the atoms were disregarded. However, flip-flop motion was observed in (m-fluoroanilinium)(DB [18] -crown-6)[Ni(dmit) 2 ], 85 where the energy barrier was calculated to be 250 kJ mol -1 by the same calculation method. [9] [10] [11] Thus, the flip-flop motion of the pyridazinium cations in salt 1 should be possible around room temperature. In the case of crystal 2, maxima of 800 kJ mol -1 and 900 kJ mol -1 occurring at 90 and 270, respectively, were 90 observed; these were three times larger than those of salt 1. The pyridazinium cation in salt 2 is surrounded by rigid aromatic moieties of DB [18] -crown-6 molecules suppressing the flip-flop motion of the pyridazinium cation. For salts 1 and 2, the potentials for the in-plane rotation of the pyridazinium cation 95 were also calculated. The model structure for the calculation was the same as for the calculation of flip-flop motion. Rotations were performed in 10° steps. In this calculation, the effects of the hydrogen bonding between the nitrogen and oxygen atoms were ignored because of limited computational resources. Figure 7 (b) 100 shows the potential energy curve for in-plane rotation of the pyridazinium cation in salts 1 and 2. The energy curve of salt 1 showed a double minimum with a small energy barrier (ca. 120 kJ mol -1 ). The general hydrogen bond N-H +~O has a binding energy in the range 5-30 kJ mol -1 , which is slightly larger than 105 the thermal energy at room temperature. The small energy barrier suggests in-plane rotation of the pyridazinium cation and agrees with the X-ray crystallographic analysis of salt 1. The energy curve of salt 2 exhibited a stable state at 0° and a metastable state at around 180° with the same energy barrier as that of salt 1 (ca. 110 115 kJ mol -1 ), indicating that in-plane rotation of the pyridazinium cation may be allowed at room temperature. The 180° rotation position is a metastable state according to the potential calculation, which coincides with the results of the Xray crystallographic analysis, where nitrogen atoms may not exist 115 at the C(3) position, judging from the hydrogen-bond distance.
Potential energy calculation.
Direct evidence of in-plane rotation has not yet been obtained. Further experiments, such as the measurement of the temperature-dependent dielectric response and solid-state NMR, are required to confirm in-plane rotation in salt 2.
Magnetic Properties. The  mol versus T plots around room temperature showed Curie- 35 Weiss behaviour. Further lowering of the temperature resulted in a broad  mol maximum around 30 K, and a rapid decrease in  mol was observed below 30 K. This kind of temperature dependence has been typically observed in one-dimensional antiferromagnetic Heisenberg chains or singlet-triplet (S-T) dimers. The magnitude 40 of the interchain transfer integrals (t 1 = 14.52 and t 2 = -5.79 meV) of salt 1 suggested the formation of an alternating onedimensional chain or isolate lateral [Ni(dmit) 2 ]dimer, which depends on the ratio of intra-(J 1 ) to interdimer (J 2 ) magnetic exchange energy. Assuming the relationship |J|~t 2 , the J 1 /J 2 ratio 45 based on the transfer integrals of salt 1 was about 6.3 (Intradimer J 1 >>Interdimer J 2 ). The alternating antiferromagnetic Heisenberg chain model was applied to explain the  mol versus T behaviour of salt 1, 19 which almost reproduced the temperature-dependent magnetic behaviour above 11 K using the fitting parameters of 50 intradimer J 1 = -17.2 K and interdimer J 2 = 9.0 K. The J 1 /J 2 ratio of ~2 was almost the same as the ratio from the molecular orbital calculation. The S-T thermal excitation model was also used for the fitting of the  mol versus T behaviour of salt 1. However, deviations from the theoretical model were observed above 17 K. 55 The  mol versus T behaviour of salt 1 was not in good agreement with this theoretical model. From the crystal structure, theoretical calculations, and fitting results of the magnetic susceptibility, the magnetic property of salt 1 was explained by the alternating antiferromagnetic Heisenberg chain.  mol versus T behaviour of 60 salt 2 also indicated antiferromagnetic interactions between the [Ni(dmit) 2 ]anions.  mol around room temperature gradually increased as T decreased from 300 to 100 K. Around 100 K, a broad  mol maximum was observed, with moderate decreases below 100 K. This kind of temperature dependence has been 65 typically observed in one-dimensional antiferromagnetic Heisenberg chains. The magnitude of the intrachain transfer integral (t 2 = 78.9 meV) of salt 2 suggested the formation of a uniform one-dimensional chain formed by [Ni(dmit) 2 ]molecules. A uniform antiferromagnetic Heisenberg chain model, i.e., 70 Bonner-Fisher model, was applied to explain the  mol versus T behaviour of salt 2, 20 which almost reproduced the temperaturedependent magnetic behaviour above 40 K using the fitting parameter J 1 = -89.9 K. 
Conclusion

Notes and references
